Absorption lines of MgH and CaH N ¼ 1 ¹ 0 transitions were searched for in foreground molecular clouds towards the continuum sources associated with Sgr B2 (M) and W49A (N). None of these lines was detected with our sensitivity level of ϳ20 mK. Millimetric absorption lines of MgO, MgOH, CaO and CaOH were also searched for towards Sgr B2 (M) without success. The fractional abundances relative to molecular hydrogen are Շ1:0 × 10 ¹11 for MgH, Շ7:9 × 10 ¹13 for MgO, Շ1:6 × 10 ¹10 for MgOH, Շ1:6 × 10 ¹9 for CaH, Շ2:0 × 10 ¹12 for CaO, and Շ2:5 × 10 ¹10 for CaOH, respectively. The low abundances measured in absorption indicate that a significant fraction of interstellar magnesium and calcium cannot be tied up in their monohydrides, monoxides and monohydroxides. The low abundance of MgH also implies that grain-surface chemistry involving magnesium is not efficient and that magnesium is depleted on to grains to a factor of տ10 2:5 in well-shielded molecular clouds.
I N T R O D U C T I O N
Metal hydrides, such as NaH, MgH, and CaH, are astrophysically important molecules because they are thought to be a major molecular repository of gas-phase metals in dense molecular clouds. Among refractory metals, only silicon and phosphorus has a family of gas-phase molecules (SiO, SiS, SiC 2 and PN) which have been successfully detected in molecular clouds. Since magnesium has a similar abundance and depletion factor to silicon in diffuse clouds [log(Mg/H) ᭪ = ¹4:42, [Mg/H] = ¹1:55, log(Si/H) ᭪ = ¹4:45, [Si/H] = ¹1:31, Savage & Sembach (1996) , and references therein], it is unlikely that the rest of the abundant refractory metals such as magnesium, are completely depleted on to dust grains in molecular clouds. Calcium is also relatively abundant element and may be important although it has high degree of incorporation into dust in diffuse clouds [log(Ca/H) ᭪ = ¹5:66, [Mg/H] = ¹3:73, Morton (1975) , and references therein]. We may thus expect that some of the gas-phase metals are bound up in molecules, presumably as simple hydrides, oxides and hydroxides. If a large fraction of gas-phase metals is locked in molecules, then the ionization degree and chemical abundances measured in molecular clouds are consistent with theoretical predictions of chemical models (see, e.g. Prasad & Huntress 1980; Graedel, Langer & Frerking 1982) , without the need to request the depletion of metals by an additional factor of ϳ100 with respect to diffuse clouds. In this case, the abundances of metal ions (and thus electrons) are reduced (Oppenheimer & Dalgarno 1974 ) and the effectiveness of any magnetic field will be weakened so that molecular clouds can more easily gravitationally contract.
Another importance of metal hydrides is that their abundances will reflect the relative importance of chemical reactions of the metals on grain surfaces and in the gas phase (see for example Snow & Smith 1977; Plambeck & Erickson 1982) . For example, NaH, which is a saturated molecule, may form more efficiently on grain surfaces where sodium is abundant, whereas MgH and CaH may form from NaH through the following reactions
Ca þ þ NaH → Na þ þ CaH: ð2Þ On the other hand, pure gas-phase formation of metal hydrides are Mon. Not. R. Astron. Soc. 301, 872-880 (1998) ᭧ 1998 RAS *E-mail: seiichi@nro.nao.ac.jp †Present address: National Astronomical Observatory, Mitaka, Tokyo 181-8588, Japan. ‡Present address: National Astronomical Observatory of Japan, 650 North A'ohoku Place, Hilo, HI 96720, USA.
Downloaded from https://academic.oup.com/mnras/article-abstract/301/3/872/1038400 by guest on 16 December 2018 radiative association reactions such as
followed by
where M denotes metals such as Na, Mg and Ca. Their reaction rates have been experimentally and theoretically evaluated (Smith et al. 1983; Leung, Herbst & Huebner 1984) , and are reported to be extremely slow for the production of metal hydrides. Hence, if metal hydrides are abundant in the interstellar medium, we may conclude that chemical reactions other than gas-phase reactions, i.e. grain surface reactions, are efficient. Metal hydrides have been extensively searched for in the interstellar matter, but there are no successful detections of NaH, MgH and CaH in the interstellar matter to date. Although the abundances of NaH and MgH in diffuse clouds were found to be very low (Czarny, Felenbok & Roueff 1987) , this may simply be a result of the small dissociation energies of NaH (1.88 eV) and MgH (1.34 eV), which result in their destruction in diffuse clouds by photodissociation (Kirby & Dalgarno 1978) and by charge-transfer reactions with C þ (Sastry, Herbst & De Lucia 1981) . Measurements of the abundances of metal hydrides in molecular clouds having larger visual extinctions could provide the key to understanding chemical reactions which involve sodium, magnesium, and calcium.
There has been difficulty in detecting the rotational emission lines of metal hydrides in dense molecular clouds, partly because their critical densities are very high, and partly because most of their transitions fall in the range of submillimetre and farinfrared wavelength regions where ground based observations are difficult. For example, the J ¼ 1 ¹ 0 transition of NaH lies at 289 GHz and its higher-J transitions lie outside the atmospheric window. Observations of this species with ground-based telescopes are therefore limited to only one (blended) transition and may not be definitive, because the J ¼ 1 ¹ 0 hyperfine structure is estimated to be 1-2 MHz (Plambeck & Erickson 1982) . By contrast, MgH and CaH, which are free radicals with 2 S þ ground electronic states, have fine and hyperfine structures which have relatively large frequency separations, and their interstellar detection can be confirmed by observing several hyperfine components of the N ¼ 1 ¹ 0 transition. Searches for the submillimetre-wave emission lines of MgH have been made in dense molecular clouds (Ziurys & Phillips, in preparation) and in the circumstellar envelope of IRC+10216 (Avery et al. 1994) . However, its detection in emission has proved elusive, even in the densest regions. The large critical densities of the transitions (q10 5 cm ¹3 ) have restricted column density limits. Worse still, these column density upper limits estimated from emission-line searches are highly sensitive to the assumed excitation temperatures of the transitions and the continuum level of dust clouds (Bernath, Black & Brault 1985) .
A more precise measurement of the column densities of metal hydrides may only be carried out from submillimetre-wave absorption studies of their lowest rotational transitions, since the populations in the higher excited levels are then negligible (see, Zmuidzinas et al. 1995 for successful detection of HCl J ¼ 1 ¹ 0 absorption). In this paper, we present results of absorption measurements of MgH and CaH in foreground molecular clouds against bright Galactic dust continuum sources. Results of similar searches for other possible gas-phase alkaline earth compounds, MgO, MgOH, CaO and CaOH, are also presented.
O B S E RVAT I O N S

Absorption measurements of MgH and CaH
Absorption measurements of MgH and CaH towards bright Galactic continuum sources were carried out in 1997 April 14-16 with the James Clerk Maxwell Telescope 1 (JCMT) at Mauna Kea, Hawaii. The pointing of the telescope was established every 1 hour from measurements of the continuum sources of the objects themselves and was measured to be accurate to an rms error of Շ2 arcsec. We used a beam switching method to off-continuum positions 50-100 arcsec away from the sources at a chopping frequency of 1 Hz. This provided us with sufficiently flat and stable baselines and continuum levels of background sources. Baselines were not subtracted from the spectra, allowing the continuum levels of the background sources to be directly measured from the baseline levels of the spectra. The continuum levels estimated from individual 5-min observation runs agreed to an accuracy of 10 per cent. We presented the spectra on a T ૺ a scale corrected only for the atmospheric attenuation, because the opacities can be determined by the line-to-continuum ratios.
The absorption measurements of 24 MgH were carried out towards Sgr B2 (M) and W49A (N). We observed two frequency ranges centred at 343.247 and 344.305 GHz, which covered all six hyperfine components of the 24 MgH N ¼ 1 ¹ 0 transition. The H ii region NGC 6334 (I), whose molecular lines have narrower linewidths and which does not suffer from significant foreground absorption components was also observed to obtain an estimate of absorption-free spectra. The observed source positions are listed in Table 1 . The half-maximum beam width and the main beam efficiency of the telescope at 345 GHz were 14.3 arcsec and 0.58, respectively. We used the dual-polarization single-sideband receiver B3 tuned at lower sideband. The image rejection ratio of the receiver was measured to be ϳ10 dB as estimated from observed intensities of stray lines from the image sideband. The journal of the observations is given in at 343.117 GHz. 25 MgH was not searched for because of its complex energy levels.
Measurements of CaH absorption were carried out towards Sgr B2 (M), W49A (N). The H ii region NGC 6334 (I) was also observed. Three hyperfine components of the CaH N ¼ 1 ¹ 0 transition were searched for close to 254.2 GHz. The halfmaximum beam width and the main beam efficiency of the telescope at 230 GHz were 19.7 arcsec and 0.69, respectively. We used the single-polarization double-sideband receiver A2 tuned at lower sideband.
Absorption measurements of MgO, CaO, MgOH and CaOH
In comparison to SiO, which is the most commonly observed silicon-bearing molecule in the gas phase, MgO and CaO are also expected to be present in this phase. Other possible gas-phase molecules are MgOH and CaOH, which are predicted to be abundant in oxygen-rich circumstellar shells (Tsuji 1973 Hocking et al. 1979) , and CaOH (1.465 D, Steimle et al. 1992) , the abundances of these molecules might potentially be probed by measuring their absorption lines towards foreground molecular clouds with significant background emission such as those in this study.
Absorption measurements of the rotational transitions of MgO, CaO, MgOH and CaOH towards Sgr B2 (M) were made during the seasons of 1994-1995 as a part of the spectral line survey towards Sgr B2 covering the 30-50 GHz and 79-116 GHz frequency intervals with the 45-m telescope of the Nobeyama Radio Observatory.
2 Analysis of the entire data set will be published elsewhere (Ohishi et al., in preparation) and we constrain the analysis here to narrow-range spectra centred at the frequencies and 40 CaOH N ¼ 4 ¹ 3. We used the three facility receivers S40, S80 and S100, which all had image rejection ratios of ϳ20 dB. The half-maximum beam width and the main beam efficiencies of the telescope were 50 arcsec and 0.70 at 3 GHz, and 18 arcsec and 0.55 at 102 GHz, respectively. Pointing of the telescope was established every 2 hours using the SiO maser in VX Sgr, and was measured to be accurate within an error of ϳ5 arcsec (rms). The data are presented on a T ૺ a scale corrected for the atmospheric attenuation. Since the line-to-continuum ratio only involves an opacity estimate, errors in pointing calibration and beam efficiencies, if any, should not introduce erroneous results into the analysis. The backend was a set of acousto-optical spectrometers with a frequency resolution of 250 kHz. No baselines were subtracted from the spectra, so that the continuum levels of the background sources could be directly measured from the baseline levels of the data. The absolute values of the continuum levels measured in adjacent frequency ranges agreed to within an accuracy of ϳ20 per cent.
R E S U LT S
Alkaline earth monohydrides (MgH and CaH)
Spectra centred at 344.4, 343.2 and 254.2 GHz obtained towards the three continuum sources, Sgr B2 (M), W49A (N), and NGC6334 (I), are shown in Figs 1-3, respectively. Since we took reference positions by beam switching relatively nearby, lines of species with spatially extended distribution are selectively cancelled out, while lines of species with a compact spatial distribution become more prominent. There are large differences in the appearance of the spectra amongst these three continuum sources. Forests of narrow lines can be clearly recognized in NGC6334 (I) while the lines are mostly blended in Sgr B2 (M). Confusion by silicon-and sulphurbearing molecules are most severe towards Sgr B2 (M).
In the raw spectra, no absorption features of MgH and CaH are detectable at the confusion limit of ϳ50 mK (equivalent to an opacity upper limit of ϳ0.02). Owing to the intense SO NðJÞ ¼ 8ð8Þ ¹ 7ð7Þ emission at 344.311 GHz, which is only 6 MHz (5 km s ¹1 ) displaced from the strongest NðJ; FÞ ¼ 1ð A more quantitative estimate of the column densities of these species in the foreground clouds can be made from the confusionlimited spectra. The line opacity, t, of individual transitions can be estimated from the relationship
ð 5 Þ where T line and T cont are the brightness temperatures of the absorption line and the background emission (including any line emission associated with background sources) above the cosmic background emission, respectively, and absorption lines, the formula can be simplified as follows:
We assume that the excitation temperatures of these transitions with high critical densities are very close to 2.73 K in foreground molecular clouds. The chemical survey of molecules in spiral arm clouds by show that the upper limit on the excitation temperature is about 3.1-3.4 K for CS and less for HCN and HCO þ , and thus the excitation temperature for less abundant species is expected to be still smaller, probably very close to 2.73 K. In this case, the opacities can be approximated as t Ӎ 1 ¹ T line =T cont . Assumption of the excitation temperatures of 5 K results in a slight increase of the opacity by a factor of 1.2 for MgH N ¼ 1 ¹ 0 transition towards Sgr B2 (M).
In order to reduce the effect of confusion by lines of other molecules we used the following analyses: (1) we calculated the LSR velocity for each of the six hyperfine components of 24 MgH and the three observed hyperfine components of 26 MgH and 40 CaH. (2) We then resampled all the spectra to 1 km s ¹1 resolution. (3) We then divided the line intensity of a channel (T line ) by the background levels (T cont ), estimated by linear interpolation of a 10 km s ¹1 binned spectrum over the range Ϯð10 ¹ 20Þ km s ¹1 (depending on the expected linewidth of the absorption features). Note that this procedure is similar to the unsharp-masking method commonly used for direct optical imaging data and successfully is able to show narrow absorption features, which are obscured by broad emission features associated with the background sources. (4) We calculated the line opacity, t Ӎ 1 ¹ T line =T cont , which is proportional to the product of the column density populated at the lower rotational level of the transition and the intrinsic line strength of the hyperfine ᭧ 1998 RAS, MNRAS 301, 872-880 Also we co-added individual opacity spectra with uniform weighting and divided them with the sum of the line strengths used for the analysis to obtain the co-added opacity spectra of MgH and CaH, as shown in Fig. 4 . With these procedures, only features originating from MgH and CaH can keep coherence in the velocity frame and remain unbifurcated. None of the absorption components have any significant features which can be attributed to MgH and CaH absorption, at a level of ϳ0.05 in peak opacity. Since the adopted rest frequencies of MgH and CaH are accurate to Ϯ50 kHz (equivalent to 0.04 km s ¹1 at 344 GHz), peaks with velocities away from the expected absorption components were rejected.
The column density of a molecular species can be estimated from the opacity by
Here m is the permanent dipole moment of the molecule, S is the intrinsic line strength, Q is the partition function [Q ϵ ð2F þ 1Þ e ¹E l =kT ex ], and E l is the lower-level energy of the transition. The calculated values of intrinsic line strengths are tabulated in Table 3 . We adopted the dipole moment of MgH to be 1.283 D (Meyer & Rosmus 1975) , and assume the dipole moment of CaH is 1 D (Poynter & Pickett 1985 Table 4 .
Alkaline earth monoxides (MgO and CaO)
There are no significant absorption features at the sensitivity level of our observations within the frequency ranges expected from the rest frequencies of the transitions. with the opacities of MgO and CaO calculated with the measured continuum level of Sgr B2 (M) above the cosmic background (10 K at 34 GHz and 1.7 K at 100 GHz). The upper limits for the column densities obtained from the medians and standard deviations of the column densities obtained independently from the measurements of individual rotational components are listed in Table 5 .
Alkaline earth monohydroxides (MgOH and CaOH)
There are no significant absorption features at the peak-to-peak noise level at 0.1 K of our observations within the velocity ranges expected from the rest frequencies of the transitions. Since the continuum level of Sgr B2 (M) above the cosmic background is estimated to be 1.7 K at 100 GHz, these results mean that there is no absorption component with a peak opacity larger than 0.06 at the 100-GHz band.
The column densities are given by 
from opacities of the hyperfine components. We estimated probable upper limits for the column densities from the median and standard deviation of the column densities which are independently obtained from the measurements of the individual hyperfine components. The upper limits for the column densities obtained with these parameters are listed in Table 6 .
Fractional abundances
To estimate the fractional abundances of the species relative to molecular hydrogen, we also need to know the H 2 column densities of the foreground clouds. We applied the H 2 column densities of the foreground arm clouds estimated from multi-transition analysis of C 18 O by Usuda, Hasegawa & White (1998) . For the foreground molecular clouds towards W49A (N), we used the H 2 column densities tabulated in Nyman & Millar (1989) . For the envelope of Sgr B2, we adopted the H 2 column densities which lie in the foreground of the continuum source from Zmuidzinas et al. (1995) . The adopted H 2 column densities are listed in Table 4 . These values may be in error by as much as a factor ϳ3. To summarize, most of ᭧ 1998 RAS, MNRAS 301, 872-880 . CaH: . MgO: Törring & Hoeft (1986) . CaO: Creswell, Hocking & Pearson (1977) . MgOH: Barclay, Anderson & Ziurys (1992) . CaOH: Scurlock, Fletcher & Steimle (1993) . (5 the foreground clouds analysed here may be better classified being in between dark clouds and translucent clouds, because they have column densities of տ10 22 cm ¹2 (equivalent to A v տ 10) and because most of them exhibit HCN J ¼ 3 ¹ 2 absorption features (Greaves 1995) indicating the existence of dense gas. Envelopes of the continuum sources are classified into giant molecular clouds and may thus be still denser.
We obtained the strongest upper limit for the fractional abundance for each species by assuming a uniform fractional abundance for all velocity components. The upper limits for the fractional abundances obtained in this way are 1:0 × 10 ¹11 for 24 MgH, 1:3 × 10 ¹12 for 26 MgH, 7:9 × 10 ¹13 for MgO, 1:6 × 10 ¹10 for MgOH, 1:6 × 10 ¹9 for CaH, 2:0 × 10 ¹12 for CaO, and 2:5 × 10
¹10
for CaOH, respectively. In most of the cases, the upper limits for the 878 S. Sakamoto et al.
᭧ 1998 RAS, MNRAS 301, 872-880 
Sgr B2 (M) þ67 40 23.2 <12.2 < ¹11:0 <12.2 < ¹11:0 <14.4 < ¹8.8 þ3 20 22.9 <12.0 < ¹10:9 <11.7 < ¹11:2 <14.2 < ¹8.7 ¹25 20 22.1 <12.6 < ¹9:5 <11.8 < ¹10:3 <14.3 < ¹7.8 ¹44 20 22.6 <12.2 < ¹10:4 <10.7 < ¹11:9 <14.6 < ¹8.0 ¹104 20 22.4 <12.1 < ¹10:3 <11.3 < ¹11:1 <14.3 < ¹8.1 W49A (N) þ60 20 21.7 <11.9 < ¹9:8 <11.0 < ¹10:7 --þ39 10 21.5 <12.2 < ¹9:3 <11.1 < ¹10:4 --
(1) Names of continuum sources.
(2) LSR velocity centroids of absorption components. (3) Full velocity spans of absorption components used for column density estimation. (4) Log column densities of H 2 adopted from Usuda, Hasegawa & White (1998) and Zmuidzinas et al. (1995) for Sgr B2, and from Nyman & Millar (1989) for W49A. Units are cm ¹2 . (5), (7), (9) 
Sgr B2 (M) þ67 40 23:2 13:0 ¹10:2 <11.1 < ¹12:1 <11.8 < ¹11:4 þ3 2 0 2 2 : 9 13:0 ¹9:9 <11.1 < ¹11:8 <11.2 < ¹11:7 ¹25 20 22:1 --< 11.1 < ¹11:0 <10.9 < ¹11:2 ¹44 20 22:6 11:8 ¹10:8 <10.6 < ¹12:0 <12.0 < ¹10:6 ¹104 20 22:4 12:7 ¹9:7 <10.9 < ¹11:5 <11.1 < ¹11:3
(1)-(4) Same as Table 4 .
(5), (7), (9) Log column densities of 28 SiO, 24 MgO and 40 CaO, respectively. Column density of SiO was taken from Greaves, Ohishi & Nyman (1996) . Units are cm ¹2 . (6), (8), (10) Log fractional abundances of 28 SiO, 24 MgO and 40 CaO, respectively, relative to molecular hydrogen. Table 6 . Column densities and abundances of alkaline earth monohydroxides. abundances come from those in the molecular gas surrounding the Sgr B2 continuum source itself.
D I S C U S S I O N
Gas-phase abundances of Mg-and Ca-bearing molecules
The low inferred abundances of alkaline earth monohydrides (MgH and CaH), monoxides (MgO and CaO) and monohydroxides (MgOH and CaOH) in molecular clouds indicate that a significant fraction of interstellar magnesium and calcium cannot be tied up in their simple molecular compounds. The abundances of interstellar magnesium and calcium in the form of their monohydrides, monoxides, and monohydroxides are Շ2 × 10 ¹10 for magnesium and Շ2 × 10 ¹9 for calcium, respectively, which are negligible compared to their solar abundances (3:8 × 10 ¹5 for magnesium and 2:2 × 10 ¹6 for calcium).
Gas-phase abundances of MgI and MgII
The low values of the gas-phase abundances of magnesium-bearing molecules can be used to set upper limits for the gas-phase abundance of magnesium atom and ions through chemical models. It is because the low abundances of gas-phase molecules cannot be explained 3 if the gas-phase abundances of the atom and ions of magnesium are large enough to form these molecules through gas-phase reactions.
There are only small amounts of MgH, if any, in the foreground molecular clouds as we have seen above, and this upper limit can be used to set the upper limit for the gas-phase abundance of magnesium: According to the chemical models of Leung et al. (1984) , the MgH/H 2 abundance ratio should lie in the range of 10 ¹9:8 -10 ¹8:5 in molecular clouds which have gas densities of 10 3 -10 6 cm ¹3 , assuming that the metal depletion is similar to that in diffuse clouds (10 ¹1:5 ). On the other hand, if magnesium is heavily depleted in these molecular clouds to a level of 10 ¹3:5 , then the abundance ratio will lie in the range of 10 ¹12:8 -10 ¹10:9 . Our measurements imply that the total gas-phase abundance of magnesium is heavily depleted in these molecular clouds to a level of տ10 2:5 , which is at least 10 times heavier than that measured in diffuse clouds.
Production of gas-phase metal oxides
MgO/SiO and CaO/SiO abundance ratios
Since silicon has a cosmic abundance and depletion factor in diffuse clouds which is similar to that of magnesium, it is meaningful to compare the gas-phase abundances of silicon and magnesium in molecular clouds. SiO is the most commonly observed siliconbearing molecule, both with its thermal transitions in molecular clouds and with shock-excited transitions around late-type stars. With its large permanent dipole moment of 3.1 D (Raymonda, Muenter & Klemperer 1970) , there have been a number of SiO absorption features detected in the foreground clouds towards Sgr B2 (M) and W49A (N) . The inferred column densities of SiO are 0.6-9:9 × 10 12 cm ¹2 in the þ3, ¹45, and ¹104 km s ¹1 components towards Sgr B2 (M). By contrast, there are only small amounts of MgO and CaO, if any, as we measured above in absorption in the foreground spiral arm clouds. The MgO/SiO and CaO/SiO abundance ratios in these foreground molecular clouds (both in the spiral arm clouds and in the envelope of Sgr B2) are Շ10 ¹2:0 and Շ10 ¹1:5 , respectively. Since extensive searches for emissions of MgO (Turner & Steimle 1985; Millar et al. 1987) , MgS (Takano, Yamamoto & Saito 1989) and CaO (Hocking et al. 1979) in dense molecular clouds and in the circumstellar envelopes have been unsuccessful, it seems a general trend that magnesium-and calcium-compounds are much less abundant than silicon-compounds in the gas phase.
Why there are only small amounts of MgO and CaO in gas phase?
Since gas-phase SiO is often considered to originate from interstellar dust grains (which consist of oxides of refractory elements such as Si, Mg, Fe and Ca), it is curious that there are relatively small amounts of MgO and CaO in the gas phase while the SiO is relatively larger. Thorough studies of this problem in the cases of circumstellar envelopes and shocked regions have already been given by Turner & Steimle (1985) and we briefly review their discussions on shocked regions. Duley, Millar & Williams (1979) pointed out that SiO is unique among the major metal oxides which compose dust grains because it will exist in an amorphous form, whereas the other metal oxides such as MgO and CaO form an NaCl-type crystal structure. Ionic bonds that form NaCl-type crystal structures will be stronger than the van der Waals forces that link molecules together in the amorphous form. In fact, MgO and CaO have their melting points of ϳ3100 and ϳ2850 K, respectively, while SiO and SiO 2 have significantly lower values (ϳ1900-2000 K). Hence it may be natural to expect amorphous SiO solid should be more easily volatilized to the gas phase by passing shock waves which typically heat the gas to <3000 K. Another possibility proposed by Turner & Steimle (1985) is disproportionation of oxides. If this process is efficient, most of the sputtered dust material will not contain significant amount of molecular MgO and CaO, but instead the metals will be present as Mg, Ca and O.
In the spiral arm clouds, however, the narrow linewidths and relatively low density of the material in these clouds shows no indication of the presence of shocked gas. Hence the mechanism for gas-phase SiO production appears differ from that in shocked regions. Millar et al. (1987) suggested that ion-molecule reactions involving the exothermic reaction
followed by dissociative recombination HSiO þ þ e → SiO þ H; ð16Þ could convert Si þ to SiO. On the other hand, the reaction involving Mg þ and Ca þ analogous to the above reaction
is endothermic, as is the reaction between Mg þ and O 2 . alternatively proposed that the neutral-neutral reaction of Si with OH and O 2 Si þ OH → SiO þ H; ð18Þ Langer & Glassgold 1990) can reproduce the observed SiO abundances in the foreground arm clouds. On the other hand, the neutral-neutral reactions of Mg and Ca with e.g. O 2 appear not effective as it is for Si. Thermodynamic data imply that the reactions of Mg and Ca with O 2 are both endothermic by around 115 and 85 kJ mol ¹1 , respectively, while the Si-O 2 reaction is exothermic by around 300 kJ mol ¹1 . The production of MgO and CaO have barriers of 7500-8500 K according to experiments at around 1000 K (Kashireninov, Manelis & Repka 1982) . The existence of a large barrier in the production reactions of MgO and CaO may be supported by the measurements by Plane & Nien (1990) who showed that the reverse reaction CaO + O → Ca + O 2 is rapid at 800 K. It may be for these reasons that MgO and CaO are less abundant in the gas phase than SiO.
SUMMARY
We have searched for (sub-)millimetric N ¼ 1 ¹ 0 absorption lines of MgH and CaH in foreground molecular clouds towards the continuum sources associated with Sgr B2 (M) and W49A (N). None of these lines were detected in absorption with our sensitivity level of ϳ20 mK nor in emission in NGC 6334 (I). Millimetric absorption lines of MgO, MgOH, CaO and CaOH were also searched for in the foreground molecular clouds towards Sgr B2 (M) without success. The upper limits for the fractional abundances relative to molecular hydrogen are 1:0 × 10 ¹11 for 24 MgH, 1:3 × 10 ¹12 for 26 MgH, 7:9 × 10 ¹13 for MgO, 1:6 × 10 ¹10 for MgOH, 1:6 × 10 ¹9 for CaH, 2:0 × 10 ¹12 for CaO, and 2:5 × 10
¹10
for CaOH, respectively. Although there was a possibility for the presence of abundant magnesium-and calcium-bearing molecules in molecular clouds which are not significantly excited, the low abundances indicate that a significant fraction of interstellar magnesium and calcium cannot be tied up in their monohydrides, monoxides and monohydroxides forms. The low abundance of MgH also implies that grain-surface chemistry involving magnesium is not efficient in the cloud environment and that magnesium is depleted on to grains to a factor of տ10 2:5 in wellshielded molecular clouds.
The MgO/SiO and CaO/SiO abundance ratios in the foreground molecular clouds are Շ10 ¹1:9 and Շ10 ¹1:8 , respectively. It therefore seems that magnesium-and calcium-compounds are much less than silicon-compounds in the gas phase. Lack of effective formation pathways to MgO and CaO appears to explain the low MgO/SiO and CaO/SiO abundance ratios in the gas phase.
